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‘The vast majority of human pancreatic ductal adenocarcinomas (PDACs) harbor 7P53
mutations, underscoring p53’s critical role in PDAC suppression. PDAC can arise when
pancreatic acinar cells undergo acinar-to-ductal metaplasia (ADM), giving rise to prema-
lignant pancreatic intraepithelial neoplasias (PanINs), which finally progress to PDAC.
The occurrence of 7P53 mutations in late-stage PanINs has led to the idea that p53
acts to suppress malignant transformation of PanINs to PDAC. However, the cellular
basis for p53 action during PDAC development has not been explored in detail. Here,
we leverage a hyperactive p53 variant—p53°>**—which we previously showed is a
more robust PDAC suppressor than wild-type p53, to elucidate how p53 acts at the
cellular level to dampen PDAC development. Using both inflammation-induced and
KRAS®"?P_driven PDAC models, we find that p53°%>4 both limits ADM accumulation
and suppresses PanlIN cell proliferation and does so more effectively than wild-type p53.
Moreover, p53°>* suppresses KRAS signaling in PanIN's and limits effects on the extra-
cellular matrix (ECM) remodeling. While p53°>> has highlighted these functions, we
find that pancreata in wild-type p53 mice similarly show less ADM, as well as reduced
PanlIN cell proliferation, KRAS signaling, and ECM remodeling relative to 77p53-null
mice. We find further that p53 enhances chromatin accessibility at sites controlled by
acinar cell identity transcription factors. These findings reveal that p53 acts at multiple
stages to suppress PDAC, both by limiting metaplastic transformation of acini and by
dampening KRAS signaling in PanINs, thus providing key new understanding of p53
function in PDAC.

p53 | pancreatitis | pancreatic cancer | ADM | PanIN

Pancreatic ductal adenocarcinoma (PDAC) is a deadly disease with a dismal 5-y survival
rate of just 10% (1). This poor prognosis relates both to the disease progressing to a very
advanced stage without overt symptoms and to largely ineffective treatments. A better
understanding of how to manage this disease would come from a clearer understanding
of the molecular underpinnings of PDAC development. Understanding the molecular
processes associated with tumor initiation and progression is paramount for the develop-
ment of early detection markers and novel treatment strategies.

The analysis of human PDAC development through genetic and histological analyses
has led to a model of disease pathogenesis (2, 3). Human cancer genome sequencing has
shown that activating mutations in the KRAS oncogene are found in ~94% of human
PDACG:s, suggesting that these mutations drive PDAC initiation (4). Histological studies
suggested originally that PDAC initiates from pancreatic ductal cells, which develop into
pre-malignant ductal-like precursor lesions known as pancreatic intraepithelial neoplasias
(PanINs) and progress through increasingly more dysplastic stages known as PanIN1A,
1B, 2, and 3, resulting ultimately in invasive PDACs (5, 6). Subsequent lineage tracing
experiments using mouse models showed, however, that despite their resemblance to
pancreatic ducts, PanINs can be generated by a metaplastic event known as acinar-to-
ductal metaplasia (ADM), whereby acinar cells undergo a dedifferentiation process, losing
acinar characteristics and acquiring ductal characteristics (7-9). Indeed, oncogenic Kras
expression in mouse acinar cells is sufficient to promote ADM, PanIN, and PDAC for-
mation (10—14). Moreover, the detection of oncogenic KRAS mutations in human acinar
cells and early PanIN1 lesions supports the notion that KRAS mutations also drive ADM,
PanINs, and PDAC development in humans (13, 15, 16).

After KRAS, mutations in the 7P53, CDKN2A, and SMAD4 tumor suppressor genes
(TSGs) are the most prevalent in human PDAC, with estimated mutation frequencies of
72, 30, and 32%, respectively (17). Mutations in these TSGs have been suggested to occur
subsequent to KRAS mutations, during the progression of lower-grade PanINs to high-
er-grade PanINs or PDAC (18). Specifically, mutations in CDKIN2A have been found in
PanIN2 lesions and mutations in 7253 and SMAD4 have been detected in PanIN3 lesions,
leading to the idea that these mutations are essential for the progression toward high-
er-grade lesions and ultimately PDAC. Notably, the progression from PanIN3 to metastatic
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Significance

Despite being the most
commonly mutated tumor
suppressor gene in all cancers,
and being highly mutated (75%)
in pancreatic cancers, there are
no standard-of-care therapies
based on p53 used in the clinic.
Understanding the cellular and
molecular basis of p53 action is
critical for developing such
therapies. Here, we employ a
mouse model expressing a mildly
hyperactive p53 mutant protein
to identify two new mechanisms
through which p53 suppresses
pancreatic cancer initiation: by
opposing acinar cell metaplastic
transformation and by
dampening KRAS signaling in
preneoplastic lesions. Our data
support the idea that mild p53
activation could be used as a
preventative therapy in patients
at risk of developing pancreatic
cancer.
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PDAC is frequently connected with loss of heterozygosity (LOH)
of TP53, suggesting that p53 functions as roadblock to metastatic
disease (19), consistent with mouse models studies showing that
Trp53 inactivation allows malignant progression (20). However,
the conclusions about how these TSGs might restrain PDAC
development are based on a limited number of studies, and some
mutational analyses of early neoplastic lesions do not support this
model, as they showed that 7P53 mutations can occur earlier in
this process, in ADMs or in early PanINs (19, 21-24). Moreover,
TP53 mutations in PanIN3 were largely inferred by immunos-
taining for p53 protein (25), but this provides only an indirect
assessment of 7P53 status, as positivity can reflect either accumu-
lation of mutant p53 or stabilization of wild-type p53 in response
to a stress signal. A more detailed investigation into the roles of
these tumor suppressors in PDAC is therefore warranted. In par-
ticular, understanding how p53 acts, given its mutation in nearly
75% of PDACs, will provide great insight into PDAC
development.

Despite being the most commonly-mutated gene in human
cancer, the mechanisms by which p53 impedes tumor develop-
ment remain incompletely understood. p53 is a transcriptional
activator known to limit cell cycle progression or induce apoptosis
in response to acute DNA damage, and it does so by transcrip-
tionally activating target genes harboring p53 consensus binding
sites, such as those encoding the CDK inhibitor p21 and the
pro-apoptotic BCL2 family members NOXA and PUMA (26).
While this capacity was envisioned originally to account for p53
tumor suppressor activity, studies in mouse models have shown
that robust p53-mediated activation of these genes is dispensable
for tumor suppression and that p53 regulates a variety of other
cellular responses that might play a role in tumor suppression
(26-31). Genetically engineered mouse models provide an oppor-
tunity to understand p53 action in an in vivo context, and will
help to decipher how p53 inactivation promotes cancer
development.

Here, we leverage mouse pancreatitis and oncogenic KRAS-
driven PDAC models to dissect the cellular basis of p53 action in
PDAC suppression. Specifically, we utilize p53 transcriptional
activation domain (TAD) mutant mice that we generated previ-
ously. p53 harbors two distinct TADs, and our previous studies
of knock-in mice expressing the TAD2 mutant, known as p5353’54,
demonstrated that this mutant act as a “super-tumor suppressor,”
suppressing PDAC better than wild-type p53. This p53>>*
mutant characterized by enhanced tumor suppressor activity,
which is at least in part attributable to hyperactivation of a small
subset of p53 target genes (28), provides a useful tool to better
understand the cellular mechanisms underlying p53-mediated
tumor suppression in PDAC. Analyses with this mutant, then
with wild-type p53, reveal multifaceted cellular effects of p53
during PDAC evolution, providing key new insight into how p53
suppresses pancreatic cancer development.

Results

Analysis of p53°*5* Reveals a Role for p53 in Restraining ADM.
Our previous findings revealed that the p53™°® ™% mutant
(henceforth referred to as p53°>*) displays enhanced pancreatic
cancer suppressor activity relative to wild-type p53 (Fig. 14). We
reasoned that analysis of this mutant would provide a powerful
strategy to better understand how p53 acts at the cellular level
to dampen pancreatic cancer development. To understand the
mechanisms of p53°>>* action in restraining pancreatic cancer
development, we used an established mouse PDAC model in
which Cre expression under the control of the P#fla promoter
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pancreas (6). We then analyzed the early steps of PDAC
development by subjecting mice to treatment with caerulein, an
oligopeptide that stimulates secretion of digestive enzymes and
causes acute pancreatitis, thereby enhancing ADM and PanIN
formation (14). We generated KrasLSL'GIZD/+,'PI;7‘]aC’”/+ (KC) mice
homozygous for either wild-type 71p53 (Tip53™") or Trp53>>*
and treated them with caerulein (Fig. 1B). We then investigated
how the p53°>** mutant affects the development of premalignant
lesions by quantifying ADM and PanIN lesions.

We first examined the effect of p5353’54 expression on ADM
levels by evaluating pancreas sections from cohorts 1 wk after caer-
ulein treatment by H&E staining and immunofluorescence analyses
for specific acinar cell (AMYLASE) and ductal markers (CK19)
(Fig. 1C). Interestingly, these analyses showed that mice homozy-
gous for the 77p53°>" allele showed enhanced acinar preservation
relative to wild-type 7753 mice, measured both by acinar area and
the number of pancreatic lobes affected with ADM (Fig. 1D), sug-
gesting that p53°*** restrains ADM. Of note, caerulein treatment
induced similar levels of initial pancreatic damage in both cohorts,
as determined by histological analysis 24 h after caerulein admin-
istration, suggesting that p53°>>* is not preventing the initial dam-
age, but rather promoting recovery from caerulein-induced damage
(ST Appendix, Fig. S1A). To evaluate whether the effect of the
p53°>>4 mutant on ADM is associated with enhanced cell division
and faster regeneration, we analyzed KI67 positivity in ADMs and
found that the reduced ADM observed in the KC; Trp53°> %%
mice was not accounted for by increased acinar cellular proliferation
within ADM lesions after caerulein treatment (S/Appendix,
Fig. S1B). Consistent with our previous observations that p53°*>*
protein is more stable than wild-type p53 (28), we found that
ADMs from KC: Trp53°>°"**** mice displayed higher p53 protein
expression than those in KC; Trp53™* mice (Fig. 1E). These ﬁndings
suggest that the enhanced tumor suppressor activity of the p53°>>*
protein could relate at least in part to its ability to restricc ADM
accumulation.

To independently confirm the enhanced capacity of p53°*** to
restrain ADM, we also performed in vitro organoid cultures. In
this assay, we used TGFa/EGF to induce ADM, as previously
described (32), and we tested whether p5353’54 can inhibit ADM
in vitro, without the interference of other factors present in vivo,
such as inflammation and the presence of stromal cells. Acini from
253" and p53™°"*** mice were isolated and resuspended in
collagen, in the presence of TGFa/EGE, and the extent of ADM
was assayed 5 d later. The results confirmed what was seen in vivo,
with p53°>°* acini showing a greater resistance to ADM than
wild-type 77p53 counterparts in a stroma-free environment (Fig. 1
Fand G). These findings underscore the cell autonomous mode
of action for p53°*** in suppressing ADM. Together, these find-
ings describe a novel role of p53 in restraining initial transforma-
tion steps in the pancreas.

p53°3% Inhibits PanIN Proliferation after Pancreatitis. Despite
the strong capacity of p53°>** to preserve acinar structure, we
did observe the formation of some PanINs in the pancreata of
caerulein-treated KC;Trp53°>” 354 mice, raising the possibility
that p53°>*% might act through additional mechanisms in PanIN.
Given that p53 is found to be mutated in late PanINs in humans,
we examined whether p53°>** might also suppress PDAC
development through effects on PanIN expansion. To this end,
we evaluated features of PanINs in the caerulein-treated cohort
described above. We identified PanIN lesions by H&E staining
and staining for Alcian Blue and MUCS5AC, well-established
markers of PanINs (6). First, by quantifying the number of
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Fig.1. p53°3**restrains ADM in caerulein-treated mice. (4) Schematic representation of wild-type and TAD mutant p53 proteins (TAD—transcriptional activation
domain, DBD-DNA binding domain, TET—tetramerization domain) and a summary of their respective transactivation and PDAC suppression activities. p53****is
able to hyperactivate a subset of p53 target genes. (B) Schematic of caerulein-induced acute pancreatitis and its sequelae within 1 wk after treatment, including
ADM and formation of PanINs. (C) Representative histological images of lesions found in caerulein-treated 2-mo-old KC;Trp53™* and KC;Trp53°3*%3** mice 1 wk
after caerulein-induced acute pancreatitis. Two H&E fields and a higher magnification field immunostained for AMYLASE (AMY), CYTOKERATIN 19 (CK19) and
DAPI are shown for each genotype. (D) Quantification of pancreatic transdifferentiation in entire pancreas using two different parameters: (Left) The percentage
of acinar area relative to the whole pancreas + SD based on H&E staining and (Right) the number of pancreatic lobes with ADM =+ SD based on H&E staining
(n=4for KCTrp53** cohort and n = 6 for KC; Trp53°**#>354 cohort. (E) Representative p53 immunostaining in ADM in KC;Trp53™* and KC; Trp53°*°#>354 mice. (F) Ex vivo
ADM assay in TGFa-treated acini from Trp53** and Trp53°**#%3>* mice. (Top) Representative brightfield images of acinar cultures showing the presence of ductal-
like spheroid structures (arrowheads) in the midst of acinar cells (asterisks). (Middle) High magnification view of ductal and acinar structures using brightfield
microscopy and (Bottom) High-magnification view of ductal and acinar structures immunostained for AMY, CK19 and DAPI (G) Average percentage of ADM +
SEM in independent biological replicates (n = 4 for both Trp53** and Trp53°3*#53% cohorts), measured based on the morphological appearance of seeded acini.
Normal acini show a grape-like clustered shape, while metaplastic acini undergoing ADM acquire a bubble-like shape. ** and *** represent P < 0.01 and 0.001,
respectively, based on the two-tailed unpaired Student’s t test. Blue and pink circles represent individual KG;Trp53"" and KC;Trp53°*°#*>* mice respectively.

MUCS5AC-positive cells in the pancreata of each cohort, we  and increased levels of senescence, as assessed by SA-B-galactosidase
found that KC;Tip53°>°"*** mice showed decreased PanIN  positivity, compared to those in KC;Trp53"" mice (Fig. 2 4, C,
formation relative to KC; Trp53™* mice, suggesting that the ability ~ and D). Notably, p53 was detectable by immunohistochemistry in
of this mutant to restrain ADM contributes to decreased PanIN  some PanINs in KC;Tp53°>°%*>>* mice but not in KC; Trp53"*
formation (Fig. 2 A and B). Second, PanINs in KC; Trp53°>°%>**  mice, providing a potential explanation for its enhanced potency
mice displayed decreased proliferation, based on KI67 positivity,  (Fig. 2E). Thus, beyond the effects of p53°*** on ADM, these
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Fig. 2. p53°* Restrains PanIN Progression in Caerulein-Treated Mice. (4) Representative histological images of PanINs found in caerulein-treated KC Trp53**

and KC;Trp53°3°#*3>% mjce 1 wk after caerulein treatment. H&E, Alcian Blue, MUC5AC, and KI67 staining are shown. (B) The number of MUCSAC positive cells
per square millimeter in pancreata (n = 4 for KC;Trp53™* cohort and n = 6 for KC;Trp53°35#53%* cohort, a total of 25 fields per mouse were counted). (C) The
percentage of Alcian Blue-positive PanIN cells that were KI67 positive in pancreata of each cohort (n = 4 for KC;Trp53"”* cohort and n = 6 for KC;Trp53°3°4%354
cohort, a total of 25 fields per mouse were counted). (D) Representative SA-Bgalactosidase staining in pancreata. (£) Representative p53 immunostaining in
PanlINs, as identified by Alcian Blue staining (F) Representative H&E images showing PanINs and surrounding ECM remodeling. (G) The percentage of PanINs in
entire pancreas, based on MUC5AC staining, that show low ECM remodeling, defined by H&E analysis, + SD from (n = 4 and 6 for KC;Trp53™* and KC;Trp53°*>4%34
mice, respectively). (H) Masson’s Trichrome staining in pancreata of mice from both cohorts. (/) Representative images of PanINs, marked by Alcian Blue staining,
showing phospho-ERK1/2 staining. (/) The percentage of PanINs in entire pancreas with negative/weak, moderate or high levels of phospho-ERK1/2 +SD (n =4
and six mice for KC; Trp53** and KC; Trp53°**#**>* mice, respectively), based on phospho-ERK1/2/Alcian Blue immunostaining. Data represent mean + SD; *, **
and *** represent P < 0.05, 0.01 and 0.001, respectively, based on the two-tailed unpaired Student’s t test. Blue and pink circles represent individual KC; Trp53**
and KC; Trp53°35#53% mice, respectively.

findings suggest together that p53°*** also inhibits discase  Together, these findings suggest that the enhanced tumor suppres-
progression by inhibiting cell division in PanINs and inducing  sive ability of p5353’54 may be at least in part related to its capacity
senescence. to constrain oncogenic KRAS signaling.
Interestin§l}r, H&E staining also revealed that the PanINs in

KC:Trp53°>°"%** mice were remarkably different histologically ~ p53****Inhibits ADM and PaniN Proliferation in aKras®'°-Driven
from those found in caerulein-treated KC;77p53" "mice. PanINs ~ PDAC Model. Although cacrulein-induced acute pancreatitis is
can be accompanied by extracellular matrix (ECM) remodeling ~ a reproducible way to accelerate PDAC in mouse models, we
(33, 34). In the KC; Trp53™ #5351 mice, we noted a strongly dimin-  sought to address the effects of this hyperactive p5353’54 mutant
ished ECM remodeling around the observed PanIN lesions, which ~ in the development of Krzs®?-driven PDAC in aging mice. To
were instead surrounded by normal acinar parenchyma, unlike  this end, we aged KC; Trp53"" and KC: Trp53°>"*** mice for 5
those in KC;Trp53""* mice (Fig. 2 A, F, and G). This observation ~ mo, a time point when premalignant lesions but not cancer are
was supported by Trichrome staining, which showed reduced col-  typically observed (28). At the end of this period, we performed
lagen deposition in pancreata of KC;Trp53°>°**>*% mice relative  a histological evaluation of the pancreas to examine ADM and
to pancreata in KC:T#p53"" mice (Fig. 2H). Since the pancreatic ~ PanIN burden. As observed in caerulein-treated mice, normal
desmoplastic reaction has been associated with persistent KRAS ~ acinar tissue structure was largely preserved in p53°>** mice
signaling (34), we examined whether p53°>** expression is associ-  relative to mice with wild-type p53, as determined by H&E
ated with reduced KRAS activity in PanINs. We performed immu-  staining (Fig. 3 A and B). We also observed a decrease in PanIN
nostaining for the KRAS signaling marker phospho-ERK1/2 and ~ burden, as assessed by Alcian Blue staining (Fig. 3C). PanINs
quantified ERK activation in PanINs marked by Alcian Blue in  that formed in KC; Trp53°*""** mice were also less proliferative
KC:Trp53"*and KC; Trp5353’54/53’54 mice. We parsed PanIN lesions ~ than those in KC; Trp53*" mice (Fig. 3D). Trichrome staining
into three categories, binning them according to p-ERK1/2 staining ~ showed further that there was much less stromal reaction in the
intensity (SI Appendix, Fig. S2) and quantified the number of  pancreata of KC; Trp53°>3 #5351 mice than in controls (Fig. 3E).
PanINs in each category in both cohorts. These results revealed ~ Finally, we also observed reduced ERK1/2 phosphorylation
that the p53°>** mutant dampens ERK1/2 phosphorylation in ~ in PanINs of KC;Tip53™ #3351 mice relative to control
precursor lesions, reflecting decreased KRAS activity (Fig. 2 /and /). ~ counterparts, suggesting that the p5353’54 mutant can also
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100
‘?‘3‘
& g7
¢ s
: 8 50
2
‘,.z,_ °\°25
iy 0
]
'g.
CF

D Ki67
/ Alcian blue
220
& 8 %
é"} ] *kk E\Q
o] =z — w
& < 15% &
g o g
g <
, 210 .
2 | o
b3 3
8 ~ 9 g
3 © 2
g | ¥ L ® g
2 R T gE g
& Q8 IS
5 22 &)
g =e X
gR
X
5
<

@)

= G2 5
fe) N ©
3o
rs) 04
° g g
&) : g 3
] X e
% o)
52 @
[e) 3 <
(] i = ®1
& o)
L 2 0=
3 IS 3¢
S ) S
= ™ x |= = FN
(S 50 ym R
X & <8
¢ g
F p-ERK1/2 G W KC; Trp537
/ Alcian blue DKC; Trp5353,54/53,54
h *'i|*
% 100 o
3 » o
& Z =
~ = 75
P @ o %
o
%5 50| O o ***
o
= o
3
8 25 %
] 5]
2 o)
8 e o8 38
= ~ fo)
N [o) = <
[$) > c D2
< Es 5 T
gz 3
z =

Fig. 3. p53°>* Restrains Disease Progression in Aging Kras Mice. (A) Representative H&E images of 5-mo-old KC;Trp53"* and KC;Trp53°**#>35% mice. (B) The
percentage of pancreas area comprising normal acini = SD, based on H&E staining from n = 4 and 6 for KC:Trp53"" and KC;Trp53°3*#%%5* mice, respectively.
Quantification was performed on the entire pancreas. (C) (Left) Representative Alcian Blue images and (Right) percentage of pancreas area comprising PanINs,
based on Alcian Blue staining, + SD for each cohort (n = 4 and 6 for KC;Trp53"* and KC;Trp53°*>#53%* mice, respectively). Quantification was performed on the
entire pancreas. (D) (Left) Representative Alcian Blue (to mark PanIN lesions) and KI67 immunostaining for each cohort is shown. (Right) Quantification of KI67-
positive Alcian Blue-positive PaniIN cells + SD (n = 4 and 6 for KC;Trp53"* and KC;Trp53°**53** mice, respectively). A total of 25 fields per mouse were counted.
(E) Representative Masson's Trichrome staining in pancreata of mice from each cohort. (F) Representative images of phospho-ERK1/2/Alcian Blue immunostaining
for each cohort. (G) The percentage of PanINs with negative/weak, moderate or high levels of phospho-ERK1/2 + SD from n = 4 and 6 for KCTrp53** and
KC;Trp53°3#%354 mjce, respectively. Quantification was performed on the entire pancreas. Data represents mean + SD; *, ** and *** represent P < 0.05,0.01 and
0.001, respectively, based on the two-tailed unpaired Student's t test. Blue and pink circles represent individual KC;Trp53** and KC;Trp53>3*#%*** mice respectively.

limit KRAS signaling in conditions where pancreatitis is not
involved (Fig. 3 F and G). Collectively, these findings show
that the p53°>** mutant limits ADM accumulation, PanIN
proliferation, stromal reaction, and KRAS signaling in Kras®'*>-
driven pancreatic cancer.

Wild-Type p53 Suppresses ADM and PanIN Proliferation in
a Kras®'?*-Driven PDAC Model. Our studies of the stabilized
p53°>** mutant suggest that p53 is able to exert tumor
suppressive effects both through blocking ADM and inhibiting
PanIN progression. We next sought to interrogate whether
wild-type p53 acts through similar mechanisms, by analyzing
aging KrasG12D-expressing mice prone to PDAC. We examined
histology of pancreata in KC;Tip53"*and KC: Trp53™ mice at
7 wk of age using H&E staining and immunofluorescence for
markers of normal acinar cells (AMYLASE) and ductal-like
lesions (CK19; Fig. 4 A and B). We observed that the p53-
deficient mice exhibit profuse ADM and loss of acinar cells,
while p53 wild-type mice retained normal acinar structure. We
further observed that wild-type p53 is stabilized during ADM
in aging KmsGIZD—expressing mouse pancreata, suggesting that
wild-type p53 acts in ADMs to suppress preneoplastic stages
of oncogenic KRAS-initiated pancreas tumorigenesis (Fig. 4C).
Interestingly, we found that wild-type p53 promotes acinar cell
regeneration after caerulein-induced injury in mice expressing

wild-type Kras, indicating that the role of wild-type p53 in

PNAS 2023 Vol.120 No.10 e2211937120

promoting acinar cell identity after injury is not restricted to a
cancer context (S Appendix, Fig. S3).

To further gauge the effect of loss of wild-type 77p53 in
PDAC development, we examined 7-wk-old KC; Trp53"* and
KC; Trp53™ mice to evaluate the role of wild-type p53 in sup-
pressing PanINs. Using H&E and Alcian Blue staining for
PanIN identification and CK19 staining for the identification
of any type of ductal-like lesions, we observed that 7p53 loss
led to an increase in PanIN formation, consistent with the
increased ADM observed with 7ip53 deficiency, as well as an
increase of CK19+ lesions (Fig. 4 D and E). Interestingly, we
observed a decreased percentage of CK19+ lesions that were
also Alcian Blue positive in KC:T3p53" mice than in
KC;Trp53""* mice, suggesting that p53 loss might alter the tra-
jectory of KRAS-driven PanIN formation, driving a non-
mucinous preneoplastic state (SI Appendix, Fig. S3 A and B).
We also found that 7rp53 loss increased proliferation in PanINGs,
as demonstrated by KI67 staining (Fig. 4F). In addition, tri-
chrome staining was enhanced in pancreata of the 77p53-
deficient cohort, suggesting an augmented ECM remodeling/
stromal response (Fig. 4G). These results suggest that wild-type
p53 also inhibits disease progression by limiting PanIN prolif-
eration and stromal reaction. Together, our findings support
the notion that p53 plays a dual role in opposing early events
in PDAC formation, by suppressing both ADM and PanIN
expansion (Fig. 4H).
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Fig. 4. Wild-Type p53 Restrains ADM and PanINs in Aging Kras®'?” Mice. (A) Representative histological images of lesions found in 7-wk-old KC;Trp53"* and
KC:Trp53™" mice. H&E staining and immunostaining for AMYLASE (AMY), CYTOKERATIN 19 (CK19) and DAPI are shown for each genotype. (B) The percentage
of pancreas area comprising normal acinar cells + SD (n = 3 for both KC;Trp53** and KC;Trp53™" mice). Quantification was performed on the entire pancreas,
based on H&E staining. (C) Two representative H&E and p53 immunohistochemistry images of 7-wk-old KC;Trp53”“mice showing p53 positive cells in ADM areas.
(D) Representative H&E images of PanINs found in 7-wk-old KC;Trp53"* and KC;Trp53™" mice. () (Left) Representative Alcian Blue (a marker of PanINs) and CK19
(a marker of normal ducts, PanINs and PDAC) staining, (Right) quantification of Alcian Blue and CK19 positive area + SD from KC;Trp53"* and KC;Trp53™" mouse
pancreata (n = 3 for both KC;Trp53"* and KC;Trp53™ mice). Quantification was performed on the entire pancreas. (F) (Left) Representative Alcian Blue and KI67
staining for each genotype and (Right) quantification of Alcian Blue-positive PanIN cells that are KI67 positive (arrows) + SD (n = 3 for both KC;Trp53”* and KC; Trp53™"
mice). Quantification was performed by counting positive cells in a total of 25 fields per mouse, as described in Materials and Methods. (G) Representative Masson's
Trichrome stain in pancreata of each genotype. (H) Schematic of the different steps at which p53 can impede PDAC development. p53 can inhibit ADM and
consequent PaniIN formation, as well as PanIN cell proliferation. Data represent mean + SD; * represents P < 0.05, based on the two-tailed unpaired Student's

t test. Blue and red circles represent individual KC;Trp53"* and KC;Trp53"" mice, respectively.

p53 Promotes Chromatin Accessibility at Sites Controlled
by Acinar Cell Identity Transcription Factors. To understand
how p53 might promote the acinar cell state, we examined
the chromatin landscape in acinar cells from KC;T#p53"*and
KC: Trp53™ mice. To this end, we sorted CD49F+, CD133- cells
from pancreata of KC:Trp53"*and KC;Trp53™ mice at ~3 and
1 mo of age respectively, stages characterized by similar levels of
normal acinar cells in the two genotypes (Fig. 54 and ST Appendix,
Fig. S4), then subjected them to ATAC-seq analysis (Fig. 5B).
These studies revealed a set of regions more and less accessible with
Trp53 deletion (Fig. 5C). LOLA analysis of published pancreatic
ChIP-seq data showed that regions open in the presence of p53
include known areas bound by the acinar cell identity factors
PTF1A and RBPJL (Fig. 5D). Furthermore, motif analysis of
the binding sites for transcription factors found in regions more
accessible in the presence of p53 uncovered an enrichment for

sites associated with PTF1A (E-BOX motif) and RBPJL. Indeed,
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genes that are more accessible in p53-expressing cells by ATAC-
seq include hallmark RBPJL / PTFI1A targets, such as Celal,
Serpina6, and Klk10 (Fig. 5E). These observations suggest that in
the presence of p53, regions associated with pancreatic identity
factor binding become more accessible and suggest a mechanism

by which p53 promotes acinar cell fate (Fig. 57).

Discussion

Here, we directly interrogated the cellular mechanisms by which
p53 impedes PDAC initiation and progression by leveraging a
mildly hyperactive p53 allele, encoding the p53°*** TAD2
“super-tumor suppressor” mutant, which we showed previously
has enhanced potential to suppress PDAC relative to wild-type
p53 (28). We explored PDAC initiation and progression in onco-
genic Kras-expressing mice using both acute pancreatitis and
Kras®"*P-driven models. These studies revealed that relative to wild
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Fig. 5. p53 Promotes Chromatin Accessibility at Sites Controlled by Acinar Cell Identity Transcription Factors. (A) Representative H&E images of the pancreas
of 3-mo-old and 1-mo-old KC;Trp53"* and KC;Trp53™ mice used for ATAC-seq experiments. (B) Schematic representation of the experimental steps for ATAC-
seq experiments. (C) Scatter plot of log-twofold change differences between p53-proficient and p53-deficient acini, versus the Log2 mean accessibility. Red
(enhanced accessibility) and blue (decreased accessibility) indicate significant accessibility changes. (D) (Left) LOLA analysis of regions that are more accessible
in the presence of p53 using pancreas ChIP-seq data sets and (Right) Homer motif analysis of the factors found enriched by LOLA (E) Accessibility tracks from
p53-proficient and deficient acini, for acinar genes controlled by RBPJL and PTF1A, as well as RBPJL and PTF1A ChIP-seq tracks. (F) Schematic of the role of p53

in promoting chromatin accessibility at pro-acinar identity genes.

type, the p53°>** mutant both more profoundly inhibits ADM

accumulation, which reduces the formation of PanINs, and sup-
presses proliferation of PanIN cells, suggesting that p53 acts at
multiple stages of PDAC development to impede disease. By
comparing PDAC-prone aging mice carrying wild-type and p53
conditional knockout alleles, we found further that wild-type p53
similarly inhibits both ADM accumulation and PanIN progres-
sion. Thus, rather than one specific mechanism for p53 action in
tumor suppression at a particular stage of pancreatic cancer pro-
gression, these studies support a more complex function for p53
as a tumor suppressor at multiple points of disease development.
This model contrasts with previous studies reporting that 7P53
mutations are mostly observed in advanced PanIN lesions, leading
to the idea that p53-mediated tumor suppression occurs late in
PDAC progression (18). Notably, a recent study using a PDAC
mouse model in which p53 LOH could be measured with a flu-
orescent reporter showed that p53 LOH was observed in ADMs,
supporting the importance of p53 tumor suppressive action in
ADMs (35).

The use of pancreatitis models, in which caerulein synchro-
nously induces ADM, has helped to uncover a role for p53 in
restricting ADM, a reprogramming process that is associated
with injury repair. Our panel of p53 variants—ranging from
hyperactive to null—showed that the greater the p53 activity,
the better the acinar character of the pancreas is maintained in
oncogenic Kras-expressing mice, with fewer PanINs forming.
Moreover, even in the backdrop of wild-type Kras, we observed
that pancreata in mice expressing wild-type p53 regenerate to
form normal acinar cells in response to caerulein treatment faster
than those with p53 inactivation, suggesting that p53 helps to
promote injury repair in a non-cancer context. The ability of
p53 to promote acinar cell identity is consistent with our
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analysis of the chromatin landscape by ATAC-seq, where we
observed that p53 promotes accessibility of sites associated with
binding of the key acinar cell identity transcription factors,
PTF1A and RBPJL. This role for p53 in restricting ADM accu-
mulation is in keeping with the previously described ability of
p53 to impede reprogramming of differentiated cells to iPS cells
(36-38), as well as with studies showing that p53 restricts cel-
lular plasticity and enforces cell fate when suppressing liver and
pancreatic cancer (39, 40).

Our studies showed that p53 also restricts disease progression at
the PanIN level. With increasing p53 activity, we observed reduced
PanIN cell proliferation and cellular senescence, responses that can
help limit progression of these lesions to malignant PDAC. This
response reflects a more classical p53 function in dampening cell
proliferation, and indeed, previous studies have suggested that the
tumor suppressive capacity of p53 in pancreatic cancer lies in its
ability to trigger senescence in PanIN lesions (41). We also observed
that p53 limits preneoplastic lesion character to a more mucinous
state. The idea that p53 exerts tumor suppressive effects in PanINs
is consistent with the fact that LOH of 7P53 is a late event in PDAC
progression, observed in advanced PanINs, and is thought to be
essential for the progression from PanINs to PDAC (19). The idea
that p53 plays a role only at later stages of PDAC development,
however, became widespread, while the possibility that p53 could
play a role in tumor suppression at earlier time points went unex-
plored. Importantly, reports suggest that 7P53 heterozygous muta-
tions are also observed in early pancreatic lesions, such as in ADM
and PanIN1A/1B stages, supporting our hypothesis that p53 func-
tion is also critical at earlier time points (19, 21, 23, 42). It is tempt-
ing to speculate that mutation of one p53 allele could facilitate
ADM and PanIN formation, while loss of the second p53 allele is
critical for progression of PanINs to PDAC.

https://doi.org/10.1073/pnas.2211937120 7 of 9



We also observed that increased p53 activity and enhanced
suppression of tumorigenesis is associated with dampened KRAS
signaling in PanINs and inhibition of ECM remodeling. It is
unclear whether p53 directly modulates KRAS signaling, thereby
leading to suppression of ADM and disease progression, or
whether KRAS is downregulated indirectly as a consequence of
p53 changing cell state. Of note, dampened KRAS signaling in
the presence of p53 has been observed in other contexts, such as
in mouse lung adenocarcinoma models (43, 44). We also observed
that in the presence of active p53, less collagen deposition is seen
around lesions and normal acinar structure surrounds PanINjs,
consistent with reduced KRAS signaling.

A key question in this study is whether these new roles of p53
in PDAC suppression are cell autonomous or non-cell autono-
mous, since the p53°>** mouse model used in these experiments
expresses this mutant protein in all tissues. A clear cell-intrinsic
function is supported by our in vitro ADM organoid assays which
showed that acini harboring the 53’ allele have an enhanced
acinar preservation capacity relative to wild-type p53 acini in the
absence of other cell types, such as stroma-associated fibroblasts
or immune cells. Importantly, the conclusions we derived based
on studying p53°>°* mice were supported by experiments com-
paring p53 wild-type and p53" mice, where p53 status only dif-
fered in the acinar cells but not the stromal cells. Collectively, our
findings suggest that these novel mechanisms of p53-mediated
PDAC suppression are cell autonomous.

Our findings with the p53°*>* mutant protein suggest that mild
p53 activation could be used as a treatment strategy to limit pan-
creatic metaplasia and PDAC initiation. Notably, while showing
enhanced tumor suppressor activity, p53°>>* fails to trigger dele-
terious phenotypes typical of hyperactive p53 mutants (45-48).
Therefore, as improved p53 activators are developed (49), it may
be feasible to use mild p53 activation as a therapeutic strategy in
patients at risk of developing PDAC, such as patients that suffer
from chronic pancreatitis or with a familial history of PDAC.
Future work exploring p53 activation as a preventative treatment
for PDAC will be important for improved clinical management
of patients at risk of developing PDAC.

Materials and Methods

Mouse Models. All animal experiments were performed according to Stanford
University's APLAC (Administrative Panel on Laboratory Animal Care). p53°%*
(27,28) and p53" mice (50) were bred to a mouse model for pancreatic cancer
carrying Kras=“©"?P (51) and a Ptf1a°" allele (6) that induces the expression
of mutant Kras specifically in the pancreas. For pancreatitis experiments, the
mice were aged for 2 mo and treated with caerulein (100 pg per kilogram of
body weight; Sigma-Aldrich) over 2 d, as previously described (52). For aging
experiments, the mice were aged for either 5 mo or 7 wk, depending on the
genotypes being studied.

Tissue Staining and Immunohistochemistry. Hematoxylin and eosin (H&E),
Masson's Trichrome, Alcian Blue, and SA-BGal stainings were performed on tissue
sections using standard protocols. Immunohistochemistry was performed using
antibodies against CYTOKERATIN19 (TROMA-III; 1:200, DSHB-University of lowa),
AMYLASE (#3796; 1:3,000; Cell Signaling), p53 (CM-5; 1:500; Leica), MUCSAC
(145-P1; 1:500, Thermo Scientific), K167 (#550609; 1:100; BD Pharmingen), and
phospho-ERK1/2 (#9101; 1:200; Cell Signaling). All the stains were performed
using the VECTASTAIN Elite ABC HRP Kit (Vector Laboratories), according to the
manufacturer’s instructions. The sections were counterstained with hematoxylin
orAlcian Blue/nuclearfast red. Inmunofluorescence staining for CYTOKERATIN19
and AMYLASE was performed using anti-goat Alexa 488 (1:200; Invitrogen) and
anti-rat Alexa 594 (1:200; Invitrogen) and counterstained with DAPI. Pictures
were taken using a Leica microscope and/or with a NanoZoomer 2.0-RS slide
scanner (Hamamatsu). The quantification of specific stains was performed in
whole sections using ImageJ. In brief, the regions of interest (e.g., DAB stain,
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Alcian Blue) were selected based on its color and a binary image was created in
ImageJ. Next, the "analyze particles” function was used to count and calculate
the area of specific stain. For quantifications specified as "percent area," the area
for the regions of interest was quantified as a ratio of the pancreas area. For
quantifications of "percent of positive cells,” 25 fields per mouse were used to
count the cells of interest as “positive"” or "negative” for a given marker, and the
data used to calculate the percent of positive cells. The analysis of low stroma
PanINs and phospho-ERK levels in PanINs was not performed using ImageJ, but
rather manually counted in whole sections. Lobes with ADM were also counted
manually, using a wide-field view of the slides.

In Vitro Organoid System and ADM Assays. Ex vivo ADM assays were per-
formed using an organoid system. Acinar cultures from p53*/* and p53°%>%3%°4
mice (n = 4 for each cohort) were established from 4- to 8-wk-old p5 and
p53°3°%234 mice by modification of previously published protocols (53, 54).
In brief, the whole pancreas was collected and treated twice with 1.2 mg mL colla-
genase VIII(Sigma-Aldrich). Following multiple wash steps with McCoy's medium
containing soybean trypsin inhibitor (SBTI, 0.2 mg/mL), digested samples were
filtered through a 100-um filter, resuspended in culture medium (Waymouth's
MB 752/1 supplemented with 0.1% BSA, 0.2 mg/mL SBTI; 50 ug/mL bovine
pituitary extract, 10 pg/mLinsulin, 5 ug/mLtransferrin, 6.7 ng/mLselenium and
30% FCS) and allowed to recover for 1 h at 37 °C. Then cells were pelleted and
resuspended in culture medium supplemented with penicillin G (1,000 U/mL),
streptomycin (100 pg/mL), amphotericin B(0.25 ug/mL), 0.1% FCS, and an equal
volume of rat tail collagen type | (BD Bioscience). The cellular/rat tail collagen type
| suspension was immediately plated on plates precoated with 2.5 mg/mL of rat
tail collagen type I. In stimulation experiments media was supplemented with
recombinant EGF (final concentration of 25 ng/mL) and recombinant TGFa (final
concentration of 50 ng/mL). For quantification, acinar explants were seeded in
triplicate. Cell clusters were counted from at least three optical fields/well and
reported as a percentage of acinar clusters and duct-like spheres. The quantifica-
tion was performed in two independent experiments.

Forimmunofluorescent labeling of explanted pancreatic tissue, collagen gels
containing pancreas organoids were fixed in 4:1 methanol/DMSO overnight at
4 °C, then washed in PBS. Collagen embedded cells were permeabilized with
Triton X-100 0.1% for 5 min at room temperature and blocked with 5% normal
goat serum in PBST (PBS + 0.5% Triton X-100) for 2 h at room temperature fol-
lowed by sequential incubation with the primary antibodies against AMYLASE
(goat polyclonal, C-20, 1:200, Santa Cruz Biotech) and CYTOKERATIN19 (rat
monoclonal, TROMA-III; 1:200, DSHB-University of lowa) and anti-goat Alexa
488 and anti-rat Alexa 594 secondary antibodies (1:200; Invitrogen) diluted in
PBST, overnight at 4 °C. Following each antibody, gels were washed in PBSTand
counterstained with Hoechst 33342 (1 pg/mL; Invitrogen). Images were captured
using Zeiss inverse fluorescent microscope.

3+/+

ATAC-seq Preparation, Processing, and Analysis. The pancreata from
KC;Tp537*(n = 3)and KC;Trp53™" (n = 4) mice at ~3 and 1 mo of age, respec-
tively, were dissociated as previously described (28), and acinar cells were sorted
using a surface marker for acinar cell identity (CD49F), as well as markers to
exclude ductal-like cells (CD133), erythroid (TER-119), and leukocyte cells (CD45).
ATAC-seq libraries were generated from cell pellets as previously described (55).
Briefly, 50,000 acinar cells from single cell suspensions were washed in PBS and
resuspended in lysis buffer (10 mM Tris-HCI, pH 7.5, 70 mM NaCl, 3 mM MgCI2,
an 0.1% IGEPAL CA-630), followed by centrifugation and removal of supernatant.
Transposition mix (1 x TD from [llumina and 2.5 pL of Tn5 transposase in 50
pL total) was added to the cell pellet and transposition proceeded at 37 °C for
30 min. Atthe end of the transposition reaction, DNAwas purified with a Qiagen
minElute column. To create sequencing libraries, transposed DNA was amplified
and indexed with Illumina Nextera sequencing primers as previously described
(55). Libraries were quantified by qPCR against PhiX standard (Illumina) and each
sample had technical replicates processed separately from the same single-cell
suspension. Libraries were sequenced on an lllumina Hiseq (Elim Biosciences).

FASTQ files were aligned to the mouse genome mm10 using bowtie (56).
Alignments were processed to remove reads that did not align to the genome or
aligned to the mitochondrial genome or sex chromosomes. PCR duplicates were
removed using picard tools (57). Accessible regions of the genome were called using
MACS2 (58). ChrAccR (version 0.9.18)(59) was used to process aligned and filtered
reads from BAM files and to summarize counts for genomic regions of interest.
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To assess differential accessibility, DESeq2 was applied (60) using a model to account
formouse model, cell type, and batch. Peaks with significant changes in accessibility
between p53-proficient and deficient acinar cells were further analyzed for motif
enrichment using the program HOMER (61). LOLA(62) was used to compute enrich-
ment of regions annotated in the CODEX database (63) in differentially accessible 1
kb tiling regions that exhibited lower accessibility in p53-deficientacinar cells than
in p53-proficient acinar cells. Data sets for RBPJLand PTF1A ChIP-seq (GSE47459)
from the CODEX database were used to plot tracks together with differentially acces-
sible ATAC-seq peaks generated in this work.

Data, Materials, and Software Availability. ATAC-seq data have been depos-
ited in the Gene Expression Omnibus (GEO) database (accession no. GSE224744)
(64).All study data are included in the article and/or S/ Appendix.
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